The cytotoxic drug tunicamycin kills cells because it is a specific inhibitor of UDP-N-acetylglucosamine:dolichol phosphate N-acetylglucosamine-1-P transferase (GPT), an enzyme that catalyzes the initial step of the biosynthesis of dolichol-linked oligosaccharides. In the presence of tunicamycin, asparagine-linked glycoproteins made in the endoplasmic reticulum are not glycosylated with N-linked glycans, and therefore may not fold correctly. Such proteins may be targeted for breakdown. Cells that are treated with tunicamycin normally experience an unfolded protein response and induce genes that encode endoplasmic reticulum chaperones such as the binding protein (BiP). We isolated a cDNA clone for Arabidopsis GPT and overexpressed it in Arabidopsis. The transgenic plants have a 10-fold higher level of GPT activity and are resistant to 1 g/mL tunicamycin, a concentration that kills control plants. Transgenic plants grown in the presence of tunicamycin have N-glycosylated proteins and the drug does not induce BiP mRNA levels as it does in control plants. BiP mRNA levels are highly induced in both control and GPT-expressing plants by azetidine-2-carboxylate. These observations suggest that excess GPT activity obviates the normal unfolded protein response that cells experience when exposed to tunicamycin.
Glycoproteins with Asn-linked glycans occur in all eukaryotic cells, and are found extracellularly in the vacuoles/lysosomes and as components of the endomembrane system. The biosynthesis of these glycans and their transfer to nascent polypeptide chains occurs on the ER; after the glycans are attached to the polypeptide, essentially all Asn-linked glycans lose three Glc residues and many are subsequently modified in the ER, the Golgi, or even later, after the glycoproteins reach their destinations. These multiple steps in the biosynthesis of glycans result in the formation of a multiplicity of complex glycans, all derived from the original high-Man glycans synthesized in the ER (for a recent review of N-linked glycan biosynthesis in plants, see Lerouge et al., 1998) . One of the most important functions of Asn-linked glycans is that they are needed for the correct folding of polypeptides by chaperones in the ER. Correct folding permits oligomer formation and transport of proteins to their proper destination; incorrect folding targets protein for degradation by the quality control system in the ER (Hammond and Helenius, 1995; Kopito, 1997) .
Degradation of the malfolded proteins probably does not occur in the ER itself, but in the cytosol by the proteasome system (Brodsky and McCracken, 1997) . Incorrect folding elicits a stress response known as the unfolded protein response (UPR), which results in the up-regulation of ERresident chaperones such as the binding protein (BiP) (Kozutsumi et al., 1988 ; for reviews, see Pahl and Bauerle, 1997; Sidrauski et al., 1998) . The UPR is elicited when proteins are synthesized in the presence of amino acid analogs or the antibiotic tunicamycin, an inhibitor of Asn-linked glycan formation. Although the target of tunicamycin was identified long ago (see Elbein, 1979) , the reason that tunicamycin prevents the appearance of extracellular glycoproteins (Kuo and Lampen, 1974) was not immediately apparent. Tunicamycin was thought to inhibit the synthesis of extracellular glycoproteins or their secretion (Hori and Elbein, 1981) . Actually, it does not inhibit their synthesis, but for certain proteins prevents their accumulation (Faye and Chrispeels, 1989) , probably by targeting the unglycosylated and malfolded polypeptides for degradation (Sidrauski et al., 1998) .
For other proteins tunicamycin does not prevent the transport of the polypeptides out of the ER-Golgi system and to their destination (Bollini et al., 1985) . When Asnlinked glycosylation is inhibited by tunicamycin, the transcription of BiP and genes encoding protein disulfide isomerase is markedly induced (Denecke et al., 1995; Pedrazzini and Vitale, 1996) . This induction is a manifestation of the UPR. In a recent study, Leborgne-Castel et al. (1999) show that the overexpression of BiP in transgenic plants alleviates the UPR. Treatment of cells with tunicamycin leads to an apparent shortage of BiP in the ER, causing a reduction in the formation of secretory glycoproteins. Expression of BiP from a transgene relieves the tunicamycininduced stress.
The biosynthesis of Asn-linked glycans starts with the transfer of GlcNAc1P from UDP-GlcNAc to dolichyl-P to form GlcNAc-PP-dolichyl, a reaction that is catalyzed by the enzyme UDP-GlcNAc:dolichol phosphate GlcNAc-1-P transferase (GPT) (Lehrman, 1991) . Subsequently, a second GlcNAc, nine Man residues, and three Glc residues are added to form a glycan of 14 sugar residues attached to dolichylpyrophosphate. In yeast and mammals, the structure, function, and regulation of GPT have been intensively studied. GPT was shown to be essential for the growth of yeast cells, since a null mutation of GPT constructed by gene disruption was lethal (Kukuruzinska et al., 1987) . A mutant with diminished GPT activity had a distinctly severe phenotype, suggesting that GPT activity affects various functions in the yeast life cycle .
Tunicamycin is a potent inhibitor of GPT, the first enzyme in the glycan biosynthetic pathway, and in this way it prevents the synthesis of glycans for subsequent attachment to nascent polypeptides. Tunicamycin does not inhibit other GlcNAc transferases (e.g. the second enzyme in the pathway). Tunicamycin is cytotoxic, but experiments with animal (Waldman et al., 1987; Lehrman et al., 1988) and plant (Zeng and Elbein, 1995) cells show that it is possible to select tissue culture cells that are resistant to tunicamycin. In such resistant cells GPT is highly expressed as a result of an increase in the copy number of the gene caused by amplification. GPT genes have been isolated from Saccharomyces cerevisiae (Hartog and Bishop, 1987) , Schizosaccharomyces pombe , mouse (Rajput et al., 1992 (Rajput et al., , 1994a , hamster (Scocca and Krag, 1990; Zhu and Lehrman, 1990; Scocca et al., 1995) , and Leishmania amazonensis (Liu and Chang, 1992) . The cloning of cDNAs that encode GPT has permitted detailed studies of the regulation of gene expression for this important enzyme in glycoprotein biosynthesis.
Here we report the cloning of the Arabidopsis cDNA that encodes GPT and show that its overexpression in Arabidopsis results in plants that are considerably more resistant to tunicamycin than control plants. In the presence of tunicamycin, these plants synthesize glycoproteins with complex glycans, suggesting normal ER glycan synthesis and Golgi processing. In control plants, tunicamycin causes a rapid up-regulation of BiP expression, but in the GPTtransformed plants such up-regulation does not occur, presumably because the proteins are glycosylated and the UPR does not occur.
MATERIALS AND METHODS

Isolation of GPT cDNA
Based on the conserved amino acid sequences NI(LI) AG(VI)NG(VL)E(VA)GQ for primers 1 and 2 and VFVGD-(ST)(FY)(TC)YFAG(TM)(TV)(MLF) for primers 3 and 4 among GPTs of other organisms, the following degenerate primers were synthesized: primer 1, 5Ј-AT(ACT)(ACT) TIGCIGGI(AG)TIAA(CT)GG; primer 2, 5Ј-GGGGATCCAA (CT)GGI(CGT)TIGA(AG)G(CT)IGG(ACGT)CA; primer 3, 5Ј-GGGAATTCAI(CG)(AT)(AG)TCICCIAC(ACGT)AA (AG)AC; and primer 4, 5Ј-A(AGT)I(AG)(CT)I(AG)TICCIG-C(AG)AA(AG)TA.
The restriction site for BamHI was added at the 5Ј-end of primer 2 and that for EcoRI to primer 3. Initially, genomic DNA of Arabidopsis (ecotype Landsberg erecta) was subjected to PCR with primers 1 and 4, yielding various sizes of DNA fragments. Subsequently, using this PCR product as a template, additional amplification was performed with primers 2 and 3. A 0.4-kb DNA fragment was reproducibly amplified in the second PCR, cloned into pBluescript II SKϩ (Stratagene, La Jolla, CA), and used as the probe for screening a Lambda ZAP II (Stratagene) cDNA library constructed from poly(A) ϩ RNA prepared from the aboveground part of Arabidopsis plants. Plasmids were recovered by in vivo excision from positive clones. Deletion clones were produced with exonuclease III and sequenced with a DNA sequencer (model 373, PE Biosystems, Foster City, CA).
Analysis of the GPT Gene
Genomic DNA of Arabidopsis was prepared by the cetyltrimethylammonium bromide precipitation method (Murray and Thompson, 1980) . For genomic Southern analysis, 5 g of DNA was digested with the appropriate restriction enzymes, subjected to agarose gel electrophoresis, and transferred to a nylon membrane by capillary blotting. After probing with a 32 P-labeled GPT cDNA, the blot was washed in 0.2ϫ SSC and 0.1% (w/v) SDS at 65°C and exposed to x-ray film. To obtain the sequence of the GPT gene, genomic DNA of Arabidopsis was amplified with the following primers: primer 5, 5Ј-AAGATGACCCGAAA-GACG; primer 6, 5Ј-TGTGACTTCTCTGAGATTGCAG; primer 7, 5Ј-CAGAGAAGGTATAGATAGAGCG; and primer 8, 5Ј-TCGATTCTAATTAACGCGGGG. The region encoding the structural gene was amplified with primer 5 and primer 6. The 5Ј-upstream region was amplified by inverse PCR with primer 7 and primer 8. For inverse PCR, genomic DNA digested with HindIII and subsequently selfligated was used as a template. Amplified genomic DNAs were directly sequenced with oligonucleotide primers synthesized corresponding to the sequence of GPT cDNA.
RNA-Blot Hybridization
To examine the expression level of GPT mRNA in various organs, total RNA was prepared according to the method of Fromm et al. (1985) from roots, leaves, stems, and flowers of mature Arabidopsis plants grown in a greenhouse for 1 month. Ten micrograms of RNA from each organ was separated in a formaldehyde agarose gel and transferred to a nylon membrane by capillary blotting. The blot was probed with 32 P-labeled full-length GPT cDNA, washed in 0.2ϫ SSC and 0.1% (w/v) SDS at 65°C, and exposed to x-ray film. To analyze BiP induction, 10-dold seedlings of wild-type and GPT-overexpressing Arabidopsis (T3) (ecotype Columbia) were transferred to liquid medium (Murashige and Skoog salt, Gamborg's B5 vitamins, 1 g/L MES, and 1% [w/v] Suc, pH 5.6) and grown for 4 d at 22°C with gentle shaking. Plants were harvested 5 h after the addition of tunicamycin. Isolation of RNA and RNA blots were performed as described above using Arabidopsis BiP cDNA (Koizumi, 1996) as a probe. Similar experiments were performed to determine the effect of azetidine-2-carboxylate using the amino acid analog at a concentration of 5 mm.
Overexpression of GPT and Tunicamycin Sensitivity
A binary plasmid in which GPT cDNA was inserted behind the CaMV 35S promoter was constructed. To make this plasmid, the SacI site of pBI121 (CLONTECH Laboratories, Palo Alto, CA) was replaced by an XhoI site using Klenow fragment and an XhoI linker, and the GUS gene was removed by cutting with XbaI and XhoI. GPT cDNA was then amplified by PCR using primer 9 (5Ј-TCTA-GAAACGAGCCAACAAATCCGCC) and primer 10 (5Ј-CT-CGAGTGACTTCTCTGATTGCAGAC); finally, this GPT cDNA was ligated into the pBI121 vector and replaced the GUS gene. This binary plasmid was used for in planta Agrobacterium tumefaciens-mediated transformation of Arabidopsis (ecotype Columbia) according to standard procedures (Bechtold et al., 1993) . To determine the sensitivity of transgenic Arabidopsis to tunicamycin, T3 seeds of Arabidopsis transformed with this plasmid and seeds of wildtype and transgenic plants harboring pBI121 were sown on agar plates (1ϫ Murashige and Skoog salt, 1ϫ Gamborg's B5 vitamins, 1 g/L MES, 1% [w/v] Suc, and 0.8% [w/v] agar, pH 5.6) supplemented with 0, 0.3, and 1.0 g/mL tunicamycin and incubated at 22°C.
GPT Assay
To prepare microsome fractions, 4-d-old seedlings of wild-type and GPT-overexpressing plants were transferred to liquid medium (1ϫ Murashige and Skoog salt, 1ϫ Gamborg's B5 vitamins, 1 g/L MES, and 1% [w/v] Suc, pH 5.6) and cultured for 12 d at 22°C in the dark with gentle shaking. The plants were harvested and homogenized in 3 volumes of 12% (w/v) Suc in buffered medium (80 mm Tris-HCl, pH 7.5, 1 mm EDTA, and 10 mm ␤-mercaptoethanol), and the homogenate was centrifuged at 7,700g for 10 min at 4°C. The supernatant was layered on a 16% (w/v) Suc cushion (Suc in the same buffer) and centrifuged using a rotor (model 50Ti, Beckman Instruments, Fullerton, CA) at 40,000 rpm ϫ 60 min at 4°C. The supernatant was discarded and pellet was suspended in the same buffered medium containing 16% (w/v) Suc and used as the microsome fraction. The reaction mixture for GPT activity consisted of 20 L of microsome fraction, 2 g of dolichol-P, and 10 mm MgCl 2 in 100 L of TBS (50 mm Tris-HCl, pH 7.5, and 150 mm NaCl). The reaction was started by the addition of 0.1 Ci of UDP-[ 3 H]GlcNAc and stopped by the addition of chloroform after incubation for different times up to 12 min at 25°C. The lipid phase was extracted as described by Kaushal and Elbein (1985) , and radioactivity was measured with a liquid scintillation counter. The activity of NADH Cyt c reductase, a marker enzyme of the ER, was measured according to the method of Lord et al. (1973) . GPT activity was measured in microsomal fractions that contained equal amounts of NADH Cyt c reductase.
Detection of Complex Glycans
Two-week-old seedlings of wild-type, pBI121-harboring, and GPT-overexpressing Arabidopsis were homogenized in 4 volumes of 100 mm Tris-HCl, pH 7.5, containing 10 mm ␤-mercaptoethanol. After centrifugation the supernatant was subjected to SDS-PAGE and immunoblotted using a serum against complex glycans (Laurière et al., 1989) .
RESULTS
Isolation of GPT cDNA from Arabidopsis
A DNA fragment of approximately 0.4 kb was reproducibly amplified by PCR using genomic DNA of Arabidopsis and degenerate primers designed according to the conserved amino acid sequences of the GPTs of other organisms. This fragment was cloned, sequenced (data not shown), and used as a probe to screen an Arabidopsis cDNA library. Three cDNA clones were isolated and found to have identical restriction maps. The nucleotide sequence of 1,482 bp (accession no. D88036 in the DDBJ, EMBL, and GenBank nucleotide sequence databases) contains an ORF coding for a polypeptide with 431 amino acids (Fig. 1) . This polypeptide has 38%, 33%, and 34% sequence identity with mouse (Rajput et al., 1992) , Saccharomyces cerevisiae (Hartog and Bishop, 1987) , and Leishmania amazonensis GPT (Liu and Chang, 1992) , respectively (Fig.  2) . Hydrophobicity of the predicted amino acid sequence according to the algorithm of Kyte and Doolittle (1982) shows that it is highly hydrophobic with 10 possible membrane spanning domains (data not shown).
Genomic Organization of GPT and Gene Expression
Upon digestion with EcoRI and BglII, genomic Arabidopsis DNA yielded a single hybridization signal with the GPT cDNA probe, whereas two signals were observed after digestion with HindIII (Fig. 3) , The GPT probe contains a HindIII site but does not contain EcoRI or BglII sites. The results shown in Figure 3 are consistent with the conclusion that GPT is encoded by a single gene in Arabidopsis. To analyze the structure of the Arabidopsis GPT gene, genomic DNA was amplified by PCR and directly sequenced (accession no. D88037 in the DDBJ, EMBL, and GenBank nucleotide sequence databases). Sequence comparison of the cDNA and genomic DNA indicates that the Arabidopsis GPT gene consists of 11 exons and 10 introns, and the junction boundary sequences of the introns satisfy the GT-AG rule. Total RNA was prepared from roots, leaves, stems, and flowers of mature plants of Arabidopsis and used for RNA-blot analysis. All organs were found to contain GPT mRNA (Fig. 4) .
Overexpression of GPT and Tunicamycin Resistance
To confirm that the cDNA encodes an active GPT enzyme, we transformed Arabidopsis with a chimeric gene consisting of the GPT cDNA and the CaMV 35S promoter and determined GPT enzyme activity in control and transformed plants. Microsome fractions were isolated from wild-type and transgenic Arabidopsis plants and used to measure the transfer of [H 3 ]GlcNAc-1-P from UDPGlcNAc to chloroform-methanol-extractable molecules during a 12-min time course (Fig. 5) . Microsomes from transgenic Arabidopsis (GPT Ϫ Tm, in Fig. 5 ) had approximately 10 times higher radioactivity incorporation activity than those from wild-type plants (WT Ϫ Tm in Fig. 5 ). These assays were carried out with microsomal fractions that had equivalent amounts of the ER marker enzyme Figure 2 . Alignment of the GPT amino acid sequences from Arabidopsis, mouse, S. cerevisiae), and L. amazonensis. The alignment was generated by Clustal W, multiple sequence alignment software, and modified manually. Amino acids conserved among more than two sequences are shaded. Amino acids also conserved in mraY are shown with asterisks above the sequences. Amino acids encoded by triplets that are interrupted by introns in the Arabidopsis and mouse genes are double-underlined. NADH-Cyt c reductase. Tunicamycin almost completely inhibited the reaction by the wild-type and GPT microsomes. The higher incorporation of GlcNAc-P into the lipid fraction by microsomes from the GPT-transformed plants and the inhibition by tunicamycin indicate that the GPT cDNA encodes an active transferase.
Cells that express higher levels of GPT are resistant to tunicamycin, a potent inhibitor of GTP activity (Rine et al., 1983; Zeng and Elbein, 1995) . We therefore checked the tunicamycin resistance of wild-type and transgenic plants.
As shown in Figure 6 , wild-type and mock-transformed (with pBI121) plants could not grow in presence of 0.3 g/mL tunicamycin. However, transgenic Arabidopsis expressing GPT grew even in the presence of 1.0 g/mL tunicamycin. This observation provides additional proof that the cDNA encodes an active enzyme.
N-Linked Glycans of Transgenic Plants
Tunicamycin is lethal because it prevents the synthesis of Asn-linked glycans, and proteins without such glycans are thought to be unstable. Do the proteins of the GPT transgenic plants grown in the presence of 1.0 g/mL tunicamycin have glycans? To examine this question, proteins were extracted from GPT-transformed plants and analyzed by immunoblot using an antiserum specific for the xylosyl residues of complex glycans found on many plant glycoproteins. As shown in Figure 7 , proteins extracted from GPT-expressing transgenic Arabidopsis grown continuously in the presence of tunicamycin (lanes 4 and 5) had the same pattern of glycoproteins with complex glycans as GPT-overexpressing plants grown in the absence of tunicamycin (lane 3). This result indicates that the GPTexpressing plants make glycoproteins with complex glycans in the presence of tunicamycin. We do not know whether the glycosylation pattern for individual proteins and the pattern of glycan modification is exactly the same for both types of plants.
BiP Induction in Transgenic Plants
Tunicamycin induces the expression of the ER resident molecular chaperones such as BiP as part of the overall 6 ) were subjected to SDS-PAGE (12.5%) and subsequent immunoblot using an antiserum against complex glycans. Each lane was loaded with 7.5 g of protein.
UPR of the cells, we examined if BiP induction was observed in GPT-overexpressed Arabidopsis. Such an induction can only be observed in a short-term experiment because tunicamycin causes cell death. Wild-type and GPT-overexpressing Arabidopsis were first grown without tunicamycin and were then treated with tunicamycin for 5 h before RNA extraction. As shown in Figure 8 , in wildtype plants the accumulation of BiP mRNA was correlated with the concentration of tunicamycin, and presumably the severity of the stress. The strongest induction was observed at concentrations of tunicamycin that are lethal to wildtype Arabidopsis (see Fig. 6 ). BiP mRNA was not induced in GPT-overexpressing plants even at 1.0 g/mL tunicamycin, the highest concentration at which plants can be grown.
To find out if these plants are capable of a UPR, the wild-type and GTP-transformed plants were exposed to either 1.0 g/mL tunicamycin or a 5 mm concentration of the amino acid analog azetidine-2-carboxylate. In wildtype plants azetidine-2-carboxylate induced the accumulation of BiP mRNA well above the level induced by tunicamycin, and in the GPT-transformed plants it induced an equally massive accumulation of BiP mRNA (Fig. 9) . This result indicates that the GPT-transformed plants are capable of mounting a UPR, but that it is not induced by tunicamycin. The higher level of GPT apparently obviates the UPR plants normally experience in the presence of tunicamycin. It is possible that higher levels of tunicamycin (above 1 g/mL) will also induce the UPR in GTPexpressing plants.
DISCUSSION
The GPT Gene and Its Regulation
To isolate a cDNA that encodes the enzyme GPT, which catalyzes the initial step of the N-linked glycosylation pathway, we carried out PCR using amino acid sequences that are conserved among the GPTs of other organisms. The deduced amino acid sequence of the cDNA shows low homology (30%-40%) with other GPTs. However, the amino acids that are conserved among the other three GPTs are also conserved in Arabidopsis GPT (see Fig. 2 ). Conserved amino acids and motifs are found throughout the molecule but especially toward the middle of the protein.
The C and N termini of the GPTs are most divergent.
Interestingly, the Arabidopsis GPT has a 40-amino acid N terminus that is hydrophilic and precedes the first hydrophobic stretch also found in other GPTs. The L. amazonensis sequence has four major insertions compared with the mouse and yeast cDNAs, and in this respect the Arabidopsis cDNA resembles yeast and mouse. However, near the C terminus Arabidopsis and L. amazonensis also share a major deletion of 40 amino acids compared with mouse and yeast. All GPTs have similarities with the product of the bacterial mraY gene (Fig. 2) (Ikeda et al., 1991) , which encodes a UDP-N-acetylmuramonyl-pentapeptide:undecaprenyl-P phospho-N-acetylmuramoyl-pentapeptide transferase, an enzyme involved in the biosynthesis of the peptidoglycan of bacterial cell walls. This protein also has several membrane spanning domains (as do GPTs) and its enzymatic activity is also inhibited by tunicamycin.
The Arabidopsis GPT gene consists of 11 exons and 10 introns. GPT genes of mouse (Rajput et al., 1994a) and hamster possess eight introns, whereas those of S. cerevisiae (Hartog and Bishop, 1987) , S. pombe , and L. amazonensis (Liu and Chang, 1992) are intronless. The Arabidopsis GPT gene lacks the intron corresponding to the seventh intron of mammalian GPT, while its third, seventh, and eighth introns are missing in mammalian GPT genes. The locations of the other introns are well conserved among GPT genes from Arabidopsis and mammals (Fig. 2) . It is noteworthy in an evolutionary context that introns are present in the GPT genes of higher plants and mammals at the same positions, but absent from the genes of lower organisms.
The cDNA and genomic sequences we obtained were identical except for the presence of introns. After the isolation of the GPT cDNA and genomic clones was completed, the genomic sequence of GPT was also reported as part of the Arabidopsis genome project (accession nos. AC002510 and AC004625). A comparison of the two genomic nucleotide sequences showed that they are identical at all but nine nucleotide positions. Sequencing errors in three different places resulted in a derived amino acid sequence that has a two-amino acid deletion, a nine-amino acid insertion, and a changed and shorter C terminus compared with the derived amino acid sequence we obtained. Two of these changes result from the erroneous assignment of intron splice sites. The presence of the 10th intron was not identified by the computer program used for the Arabidopsis genome project, resulting in a change in the predicted amino acid sequence at the C terminus with a different stop codon.
The presence of GPT mRNA in all organs of mature Arabidopsis plants suggests that GPT functions as a housekeeping gene. This is to be expected, since glycan synthesis and protein glycosylation occurs in all cells. The expression of the yeast GPT gene is regulated depending upon cell proliferation, and is depressed in G 0 -arrested cells (Kukurizinska and Lennon, 1994; Lennon et al., 1995; Pretel et al., 1995) . Expression of the GPT gene of hamster was tissue specific and developmentally regulated (Mota et al., 1994) . Mouse GPT gene was also developmentally and hormonally regulated (Rajput et al., 1994b ). Since we used mature plants in which most cells except meristematic ones are quiescent, further experiments are needed to clarify whether similar regulation occurs in Arabidopsis.
Overexpression of Active GPT Obviates the Tunicamycin-Induced UPR
To determine whether the isolated cDNA encodes an active GPT, the cDNA was expressed under the control of the CaMV 35S promoter in Arabidopsis. Microsomes obtained from the transgenic plants had up to 10 times (depending on the experiment) more GPT activity than microsomes from wild-type plants. The enzymatic activity in the microsomes of the wild-type and the GTP-transformed plants was inhibited by tunicamycin (Fig. 5) . Determinations of relative mRNA abundance using northern blot analysis showed a more than 20-fold difference between GTP mRNA levels of the GPT-expressing plants and the controls (Fig. 9 and dilution data not shown) . The differences between the increase in the mRNA levels and the enzyme activity may be caused by post-transcriptional regulation of the gene product. We do not know if the enzyme has the same stability in wild-type plants as in GPTexpressing plants, and differential enzyme stability may account in part for the difference in enzyme level between the two types of plants.
GPT-overexpressing Arabidopsis was more resistant than the wild type to tunicamycin, a potent and specific inhibitor of this enzyme (Elbein, 1987) . We conclude that the cDNA encodes an active enzyme that is inhibited by tunicamycin. The observation that low levels of tunicamycin prevent the growth of Arabidopsis seedlings is in agreement with similar observations with other eukaryotic cells. Cells exposed to this drug for a prolonged period die (Lehrman et al., 1988 ) and the observed effects of tunicamycin on cellular metabolism could be the result of a loss of function of critical glycoproteins that are relatively short lived. As with other toxins, tunicamycin-resistant cells have occasionally been obtained from, for example, hamster (Criscuolo and Krag, 1982; Lehrman et al., 1988) and L. amazonensis (Kink and Chang, 1987) . Resistance to tunicamycin results from the spontaneous amplification of GPT genes in cells selected under increasing concentrations of tunicamycin. In yeast, transformation with a multicopy plasmid containing the GPT gene resulted in overproduction of GPT and in tunicamycin resistance (Rine et al., 1983) . Zeng and Elbein (1995) selected tunicamycinresistant soybean cells by gradually increasing the tunicamycin concentration in the culture medium from 0.5 to 60 g/mL. These cells had a 40-fold increase in GPT activity compared with controls, and SDS-PAGE of cellular extracts revealed a prominent band of 39 kD. Considering that GPT is an integral membrane protein, this relative molecular mass could correspond to the size of GPT, which has 431 amino acid and a predicted M r of 47,727 assuming no proteolytic processing and no glycans.
In plants, as in other organisms, application of tunicamycin is lethal, and our results show that Arabidopsis is unable to grow in 1 g/mL of this drug. When N-glycosylation is prevented by tunicamycin, proteins made in the ER are not correctly folded and remain complexed with BiP and other chaperones. For example, D 'Amico et al. (1992) immunoprecipitated newly synthesized storage glycoproteins (phaseolin, phytohemagglutinin, and amylase inhibitor) made in the presence of tunicamycin and found that the ER chaperone BiP/GRP78 (a 78-kD Glc-regulated protein) was co-immunoprecipitated with each one of these proteins. In addition, tunicamycin induces the activation of genes encoding chaperones such as BiP/GRP78 (Denecke et al., 1991; D'Amico et al., 1992) . Our results (Fig. 8) confirm this observation. When GPT is overexpressed, the plants do not respond in the same way to tunicamycin at 1 g/mL. Under these conditions there is no induction of BiP mRNA, presumably because glycan synthesis and glycosylation are normal. Thus, the overexpression of GPT obviates the UPR normally induced by tunicamycin by permitting the synthesis of glycans in the presence of tunicamycin. These results are in agreement with the recent finding of Leborgne-Castel et al. (1999) that overexpression of BiP from a transgene also alleviates tunicamycin-induced stress. The GPT-induced stress mitigation appears to be farther upstream in the sequence of events that leads to stress. 
